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The beta decays of 86Br and 91Rb have been studied using the total absorption spectroscopy
technique. The radioactive nuclei were produced at the IGISOL facility in Jyva¨skyla¨ and further
purified using the JYFLTRAP. 86Br and 91Rb are considered high priority contributors to the decay
heat in reactors. In addition 91Rb was used as a normalization point in direct measurements of
mean gamma energies released in the beta decay of fission products by Rudstam et al. assuming
that this decay was well known from high-resolution measurements. Our results shows that both
decays were suffering from the Pandemonium effect and that the results of Rudstam et al. should
be renormalized.
Beta decay studies can provide relevant information for21
fundamental physics, nuclear structure and practical ap-22
plications. One important application is in nuclear tech-23
nology, where beta decay data are used for the evaluation24
of γ-ray and β spectra emitted by fission products in a25
working reactor, after reactor shut down, in the nuclear26
waste generated and for the prediction of the spectrum27
of antineutrinos emitted by a reactor [1, 2].28
In recent years the summation calculation method is29
the most widely used technique for the evaluation of the30
β- and γ- energy released from the fission products in31
a reactor or in the nuclear waste. The inputs needed32
for these calculations are the mean- γ and β energies33
released in the beta decay of each fission product. The34
mean energies can be obtained from direct measurements35
of the gamma [3] and the beta [4] radiation emitted in36
each radioactive decay or can be deduced from evalu-37
ated nuclear data available in databases [5]. Most of the38
data, which are available in databases, come from mea-39
surements using conventional high-resolution gamma-ray40
spectroscopy, that can suffer from a systematic error41
known as the Pandemonium effect [6]. This systematic42
error arises from the difficulty of detecting weak γ-ray43
cascades and (or) high-energy γ-rays with the limited44
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efficiency of germanium detectors that are usually em-45
ployed in conventional β-decay studies. As a result, the46
decay scheme deduced may be incomplete, and the beta47
decay probability distribution, deduced from the gamma48
intensity balance populating and de-exciting each level,49
may be incorrect. In practical terms this means erro-50
neously assigning more beta intensity to lower-lying lev-51
els and as a consequence leads to an overestimation of52
the mean beta energies and an underestimation of the53
mean gamma energies.54
To avoid this systematic error, the total absorption55
gamma-ray spectroscopy technique (TAGS) can be used.56
The technique aims at detecting gamma cascades rather57
than individual γ rays using large 4pi scintillation detec-58
tors. The advantage of this method over high-resolution59
germanium spectroscopy to locate missing β intensity has60
been demonstrated before, for cases measured using both61
techniques and in particular measured with a highly ef-62
ficient Ge array [7–9].63
In this article we present the results of measurements64
performed for two decays, 86Br and 91Rb, which are con-65
sidered high priority contributors to the decay heat in66
reactors [10–12]. Previous results from the same experi-67
mental campaign have already been published [13, 14].68
The total absorption measurement of the decay of 91Rb69
is of particular interest, since it was used as a calibration70
point for the mean gamma energy measurements of Rud-71
stam et al. [3]. In the measurements of Rudstam et al.,72
2a well collimated NaI(Tl) scintillation detector was used73
to detect single γ-rays from decay cascades of the mass74
separated fission products. From the measured spectrum75
a γ-ray intensity distribution was obtained after decon-76
volution with the measured spectrometer response. To77
derive the mean γ energy from this distribution the inten-78
sity must be calibrated on an absolute scale. For this, the79
number of decays was obtained from selected transitions80
whose intensity was regarded as well known and were81
detected in an auxiliary Ge(Li) detector. To calibrate82
the absolute efficiency of the setup 91Rb was selected be-83
cause it has a relatively large Qβ = 5907(9) keV value84
and the decay level scheme was regarded as being free85
from Pandemonium. Thus the calibration of the mean86
gamma energies in Ref. [3] was done using an intensity of87
8.3(4)% for the 436 keV transition in 91Sr and matching88
the mean energy of the 91Rb distribution to the high res-89
olution value of 2335(33) keV. 91Rb was also measured90
by Greenwood et al. [15] using the total absorption tech-91
nique, but employing different analysis techniques. The92
present measurement will allow us to compare our data93
with Greenwood’s results to further validate the mea-94
surements and the analysis techniques.95
The determination of the beta decay probability dis-96
tribution free from the Pandemonium effect also makes97
it possible to compare the deduced strength with the-98
oretical calculations. 91Rb lies in a transitional region99
characterized by shape changes [16]. For that reason100
it is also worth exploring the possibility of infering its101
ground state shape from a comparison of the deduced102
beta strength in the daugther with theoretical calcula-103
tions as was already performed for nuclei in the A∼80104
and A∼190 regions [17–21].105
86Br decay is also of particular interest from the per-106
spective of total absorption measurements. It has a large107
Qβ = 7633(3) keV value, and the high resolution decay108
scheme is poorly known. Only 17 excited levels have been109
placed in 86Kr while the total number of levels expected110
to be fed, from level density considerations, is around111
300. Thus one could expect a relatively large Pandemo-112
nium effect. This and the large contribution of this decay113
at cooling times around 100 s are the reasons to include114
this nucleus with high priority in the lists [11, 12] for de-115
cay heat data measurements using the TAGS technique.116
THE EXPERIMENT117
The measurements were performed at the IGISOL fa-118
cility [22] of the University of Jyva¨skyla¨ as part of an119
experimental campaign aimed at measuring beta decays120
of nuclei that are important contributors to the decay121
heat and to the antineutrino spectrum in reactors. As122
already discussed in [13, 14], the isotopes of interest123
were produced by proton-induced fission of uranium and124
first mass separated using the moderate resolution mass125
separator of IGISOL with a mass resolving power of ap-126
proximately 500. Since the purity of the samples is of127
TABLE I. Level Density parameters used in the analysis for
daughter isotopes (parameters given for the Gilbert-Cameron
(GC) formulation [29], which is a combination of the Back
Shifted Fermi Gas (BSFG) model [30] plus the Constant Tem-
perature (CT) model [31] for high excitation energy). The
parameters are: the ground state position ∆, the level den-
sity a (for BSFG), nuclear temperature T and the back-shift
E0 (for CT) and the matching point Ex of the BSFG and CT
models for the Gilbert and Cameron model
Level density Parameters
Isotope a ∆ T E0 Ex
86Kr 8.434 1.599 0.833 1.518 4.342
91Sr 9.754 0.264 0.662 0.425 1.946
great importance for the measurements, the radioactive128
beam of the selected mass was further purified isotopi-129
cally using the JYFLTRAP Penning trap [23, 24]. Then,130
the extracted radioactive beam of the isotope of interest131
was implanted at the centre of the total absorption spec-132
trometer onto a tape which was moved periodically to133
reduce the impact of the daughter contamination in the134
measurements. The measurement cycles were selected135
according to the half-lives of the decay of interest. Behind136
the tape, at approximately 5 mm from the implantation137
point, a 0.5 mm thick Si detector with a β-detection effi-138
ciency of about 25% was placed. The implantation point139
was surrounded by the Valencia-Surrey Total Absorption140
Spectrometer Rocinante. This spectrometer is a cylindri-141
cal 12-fold segmented BaF2 detector with a length and142
external diameter of 25 cm, and a longitudinal hole of143
5 cm diameter. The separation between crystals in this144
spectrometer is provided by a thin optical reflector. The145
total efficiency of the setup for detecting a single γ ray is146
larger than 80% (up to 10 MeV). Since the BaF2 has an147
intrinsic background, coincidences with the beta detec-148
tor were used to generate β-gated TAGS spectra in the149
present analysis. Using coincidences also avoids the con-150
tribution of normal ambient background in the measured151
spectra.152
ANALYSIS153
The first step in the analysis of the total absorption154
experiments is to determine the contaminats in the spec-155
tra to be analyzed. As mentioned earlier, the use of156
the beta-coincidence conditions, cleans the spectrum of157
internal and ambient backgrounds, but daughter decay158
contamination and pulse pileup contributions have to be159
determined. Since we are dealing with a segmented de-160
tector, apart from the electronic pulse pile-up that affects161
a single detector module [25], one must also consider the162
summing of signals from different detector modules [14].163
To address this problem a new Monte Carlo (MC) proce-164
dure to determine their combined contribution has been165
implemented. The method is based on the random su-166
3perposition of two of the stored events within the analog167
to digital converter (ADC) gate length. The normaliza-168
tion of the resulting summing-pileup spectrum is then169
calculated by the event rate and the ADC gate length170
as in Ref. [25]. Once the contributions of the contami-171
nants have been determined, one can apply the analysis172
methods to the measured spectrum to obtain the feeding173
distribution. In this work as in earlier studies, we follow174
the procedures developed by the Valencia group [26, 27].175
For that we need to solve the TAS inverse problem:176
di =
jmax∑
j=0
Rij(B)fj + Ci (1)
where di is the content of bin i in the measured TAS177
spectrum, Rij is the response matrix of the TAS setup178
and represents the probability that a decay that feeds179
level j in the level scheme of the daughter nucleus gives a180
count in bin i of the TAS spectrum, fj is the beta feeding181
to the level j and Ci is the contribution of the contami-182
nants to bin i of the TAS spectrum. The response matrix183
Rij depends on the TAS setup and on the assumed level184
scheme of the daughter nucleus (branching ratio matrix185
B). To calculate the response matrix the B matrix for186
the levels in the daughter nucleus has to be determined187
first. For that the level scheme of the daughter nucleus is188
divided into two regions, a low excitation part and a high189
excitation part. Conventionally the levels of the low exci-190
tation part and their gamma decay branchings are taken191
from high resolution measurements available in the litera-192
ture, since it is assumed that the gamma branching ratios193
of these levels are well known. Above a certain energy,194
the cut energy, a continuum of possible levels divided in195
40 keV bins is assumed. From this energy up to the de-196
cay Q value, the statistical model is used to generate a197
branching ratio matrix for the high excitation part of the198
level scheme. The statistical model is based on a level199
density function and gamma strength functions of E1,200
M1, and E2 character. In the cases presented here, the201
parameters for the gamma strength function were taken202
from [28] and the parameters of the level density function203
[29–31] were obtained from fits to the data available in204
[28, 32, 33]. Details of the parameters used are given in205
Tables I and II. As part of the optimisation procedure206
in the analysis, the cut off energy and the parameters of207
the statistical model can be changed. Once the branching208
ratio matrix is defined, the Rij can be calculated recur-209
sively from responses previously determined using Monte210
Carlo simulations [25, 34, 35]. The Monte Carlo simula-211
tions were validated with measurements of the spectra212
of well known radioactive sources (24Na, 60Co, 137Cs).213
Once the R response matrix is obtained, the Expecta-214
tion Maximisation (EM) algorithm is applied to extract215
the beta feeding distributions from equation 1.216
The feeding distributions obtained from the analyses217
will then be used to calculate the mean gamma and beta218
energies released in the decay using the following rela-219
tions: Eγ =
∑
iEi ∗Ii, and Eβ =
∑
i Ii∗ < Eβ >i, where220
Ei is the energy of the level i, Ii is the normalized feeding221
to level i, and < Eβ >i is the mean energy of the beta222
continuum populating level i. In the case of 91Rb decay,223
the normalized feeding distribution will also be used to224
deduce the beta strentgh for comparison with theoretical225
calculations.226
DECAY OF 91RB227
The tape cycle for the measurement of the decay of228
91Rb was set to 174.8 s. With this measuring cycle the229
daughter decay contamination can be estimated to be230
approximately 0.1 % from the solution of the Bateman231
equations using 58.2(3) s [36] for the decay half-life of232
91Rb, and 9.65(6) h for the half-life of the daughter 91Sr.233
For that reason the daughter activity was not measured234
separately. In this case the only contamination in the235
beta-gated spectrum is the summing-pileup, as showed236
in Fig. 1.237
For the analysis we need to define the branching ratio238
matrix of the daughter nucleus level scheme. As men-239
tioned earlier this requires the combination of the known240
levels from high resolution measurements and comple-241
menting the missing information up to the Q value with242
the statistical model. According to the latest ENSDF243
evaluation [36] the level scheme of the daughter nucleus244
is poorly known in terms of spin-parity assignments, since245
only one level in the daughter nucleus has a firm spin-246
parity assignment in the decay level scheme. The missing247
spins and parities of the levels needed to be estimated.248
For that purpose, the known gamma transitions between249
levels were used in combination with the expectation that250
most gamma transitions will occur via the most proba-251
ble E1, E2 and M1 gamma ray transitions, resulting in252
a range of options available for the missing spins and253
parities. A number of these levels are recorded to decay254
via E2/M1 transitions to the 94 keV (3/2+) state, re-255
sulting in the initial decaying level probably being 1/2+,256
3/2+ or 5/2+. In addition, the beta decay feeding distri-257
bution available in ENSDF was also used initially when258
postulating options for the spin-parity assignments. The259
large number of degrees of freedom now available via260
these options results in a range of level schemes. These261
level schemes were considered up to different energy level262
thresholds for the application of the statistical model dur-263
ing the analysis.264
The parameters used in the final analysis for the level265
density parametrization and for the gamma strength266
functions are given in Tables I and II. For the continuum267
part of the level scheme several possibilities were tested268
for the level density parametrization (Back Shifted Fermi269
Gas formula, Constant Temperature and a combination270
of both, the Gilbert Cameron formula [29–31]). Simi-271
lar results were obtained in the analysis for the Gilbert-272
Cameron formula and for the Constant Temperature273
model. In many of the analyses performed it was found274
that low cut energies in the known level scheme part re-275
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FIG. 1. (Color online) Relevant histograms for 91Rb decay:
measured spectrum (dotted line), summing-pileup contribu-
tion (green line), reconstructed spectrum response A (red
line), reconstructed spectrum response B (blue line) . Re-
sponse A corresponds to the conventional analysis. Response
B has additional optimization on the branching ratio matrix
to reproduce the measured γ intensities in high resolution ex-
periments.
sulted in a poor reproduction of the peak around 2600276
keV in the total absorption spectrum. It is worth not-277
ing that the spin and parity of the parent 91Rb is 3/2(−)278
[36] , for that reason also analyses were performed assum-279
ing a 3/2+ assignment, and considering accordingly other280
ranges of populated states (allowed and first forbidden281
decays) that in the case of 3/2− ground state assump-282
tion. Those analyses provided a poorer reproduction of283
the data. As a result, in the final accepted analysis, we284
have assumed a cut energy at 2680 keV and allowed and285
first forbidden decays were considered assuming a parent286
state with 3/2−. The results of the present accepted anal-287
yses are presented in Figs. 1 and 2. In Fig. 1 two analyses288
are provided. Analysis labelled A, represents the analy-289
sis performed conventionally. Analysis B, is an analysis290
performed using a slightly modified branching ratio ma-291
trix, in order to reproduce the experimental gamma in-292
tensities obtained in high-resolution experiments. This293
optimization is performed adjusting the gamma feeding294
from the levels in the continuum to the discrete levels in295
the branching ratio matrix of the accepted analysis (la-296
belled A). In Table V of the appendix we provide both297
accepted feeding distributions for comparison. The re-298
sults presented in Figs. 1 and 2 show that the quality299
of the reproduction of the measured decay spectrum is300
very similar for both analyses. Small differences appear301
in the feeding distribution, as can be seen in Fig. 2,302
which appear mainly for levels that have direct gamma303
connections to the ground state. The analysis B is able304
to reproduce the gamma intensity de-exiting the level 439305
within 3 %, which is relevant in this context because the306
gamma ray of 345.5 keV de-exiting this level, with an in-307
tensity error of 5 % was used as the global normalization308
point by Rudstam et al. in their mean gamma energy309
measurements.310
Both feeding distributions obtained are similar to the311
one obtained by Greenwood [15]. From the two distribu-312
tions, the feeding distribution obtained with optimized313
branching ratio matrix lies closer to the Greenwood re-314
sult. The three total absorption results clearly differ from315
the ENSDF data [36] based on high resolution measure-316
ments. From our conventional analysis a ground state317
feeding of 10.2 % is obtained, which can be compared318
with the value of Greenwood et al. [? ] of 6.2 %, the op-319
timized branching ratio matrix result is slightly smaller320
at 9.2 %. Those values can be compared with the ENSDF321
adopted value of 2 (5) % [36]. But we must mention that322
the division of the feeding values between ground state323
and first excited level at 93.4 keV should be taken with324
caution, since the two levels lie very close in energy as325
already presented in Greenwood et al. [15]. As an ad-326
ditional test, we also performed an analysis fixing the327
ground state and first state feeding to the Greenwood328
values. In this last case the quality of the fit to the data329
was clearly much worse than the accepted ones.330
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FIG. 2. (Color online) Comparison of the accumulated feeding
distributions obtained in this work for the decay of 91Rb with
the distributions from earlier high resolution measurements
[36] and with that obtained by Greenwood et al. [15].
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FIG. 3. (Color online) Accumulated strength of the decay of
91Rb compared with QRPA calculations assuming oblate and
oblate shapes for the ground state of 91Rb.
In Table III we present a comparison of the deduced331
mean energies from the present work with the values de-332
5termined from the Greenwood data and with the value333
used by Rudstam et al. In the table we quote the mean334
energies deduced from the results obtained from the opti-335
mized branching ratio matrix analysis (analysis B). The336
error in the mean energies is evaluated from the differ-337
ences in the mean gamma and beta values obtained from338
several analyses, that provided a good description of the339
experimental data. The present value is close to the re-340
sult of Greenwood and shows a large difference with the341
value used by Rudstam, which was based on earlier high342
resolution measurements. This result as well as the com-343
parison presented in Fig. 2 confirm that the value used344
by Rudstam as a normalization point, suffered from the345
Pandemonium effect. For that reason all mean gamma346
energies published in Rudstam et al. require a renormal-347
ization of 1.14.348
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FIG. 4. (Color online) Relevant histograms for 86Br decay:
measured spectrum (points with errors), reconstructed spec-
trum response A (blue line), reconstructed spectrum response
B (red line) summing-pileup contribution (red line), back-
ground (green line).
As mentioned in the introduction 91Rb lies in a re-349
gion of shape transitions. For that reason it is also350
worth examining how well the beta decay strength of351
91Rb is reproduced by theoretical calculations that as-352
sume different possible shapes for its ground state. The353
measured strength is compared in Fig. 3 with results354
from deformed quasiparticle random-phase approxima-355
tion (QRPA) calculations. In this formalism, a selfcon-356
sistent quasiparticle basis is first constructed from de-357
formed Skyrme Hartree-Fock calculations with pairing358
correlations in the BCS approximation. We use the in-359
teraction SLy4 as a representative of the Skyrme forces360
because of its reliability and predictive power, which is361
the result of being extensively and successfully tested362
all over the nuclear chart. Then, we introduce a sep-363
arable spin-isospin residual interaction in both particle-364
hole and particle-particle channels with parameters de-365
termined phenomenologically in this mass region, which366
is treated in the QRPA [37].367
The total energy as a function of the quadrupole de-368
formation parameter shows two minima, one oblate at369
β = −0.12, which is the ground state, and another pro-370
late at β = 0.10 at about 300 keV excitation energy.371
The minima are very shallow with practically no barrier372
between them.373
When the decaying nucleus has an odd number of374
nucleons, the ground state is expressed as a one-375
quasiparticle state in which the odd nucleon occupies the376
single-particle orbital of lowest energy. We use here the377
equal filling approximation, treating the unpaired nu-378
cleon on an equal footing with its time-reversed state.379
Experimentally, the assignment of spin-parity for the380
ground state of 91Rb is Jpi = 3/2−, whereas an excited381
state Jpi = 5/2− is observed at 108 keV. These assign-382
ments are chosen for the oblate ground state and prolate383
excited state in 91Rb, respectively. They correspond to384
single-particle states found in the vicinity of the proton385
Fermi level.386
Two types of transitions can be considered in the decay387
of odd-A nuclei. One of them is due to phonon excita-388
tions in which the odd nucleon is a spectator. In the389
intrinsic frame, the GT transition amplitudes are simi-390
lar to those in the decay of the even-even case, but with391
the blocked spectator excluded from the calculation. The392
other type of transitions involves the odd-nucleon state.393
The former excitations correspond to three quasiparti-394
cle (3qp) states and appear at excitation energies above395
twice the pairing gap energies, typically 2-3 MeV. The396
latter are one quasiparticle (1qp) excitations and appear397
in the low-lying spectrum as well.398
Figure 3 shows the accumulated Gamow-Teller399
strength for the oblate and prolate shapes of 91Rb calcu-400
lated in QRPA with the force SLy4. A standard quench-401
ing factor (gA/gV )eff = 0.77(gA/gV ) is included in the402
calculations to compare with the data. In general, the403
agreement with experiment is very reasonable. There404
is basically no strength at low energy. The strength is405
concentrated at around 4 MeV and 5 MeV in the calcu-406
lations. It is more fragmented and spread in the experi-407
ment, but again concentrated at about 4 MeV. The total408
strength contained in the Qβ energy window is also com-409
parable, although somewhat underestimated. It is also410
worth mentioning the similarity between the strength dis-411
tributions of both oblate and prolate shapes that would412
prevent in this case the use of these experiments to de-413
termine deformation. The absence of GT strength ob-414
served in the calculations below 3-4 MeV is understood415
from the fact that the formalism deals only with allowed416
GT transitions. Indeed, the neutron states close to the417
neutron Fermi level are immersed in the group of states418
split from the spherical shells g7/2 and d5/2, which are419
positive parity states that cannot be connected with al-420
lowed transitions with the negative parity states coming421
from the f5/2 and p3/2 shells located in the vicinity of the422
proton Fermi level. Thus, most probably, the observed423
strength in the low-lying excitation energy has its origin424
in forbidden transitions involving a change in the parity425
of the states, which are not included in calculations in426
the present formalism.427
6DECAY OF 86BR428
The β− decay of 86Br proceeds to the stable nucleus429
86Kr, therefore daughter contamination is not a problem430
for this decay. As in the 91Rb case, the pileup was calcu-431
lated according to the recently developed procedure [14].432
A preliminary analysis of the spectra cleaned of pileup433
highlighted that there is a small amount of contamina-434
tion in the beta gated spectra. Since the production of435
the isotope was continuously checked and pure, the con-436
tamination was identified as a small background contri-437
bution, due to an increased level of noise in the silicon438
detector in one of the runs. Possible solutions to elimi-439
nate this contamination are the exclusion of the run from440
the analysis or to increase the threshold of the silicon de-441
tector, but since this run contained an important part of442
the statistics, we decided to use an alternative solution.443
In the analysis of this case we have subtracted from the444
beta-gated spectrum a background spectrum with beam-445
on, from which its own pileup had been previously sub-446
tracted. The level of subtraction was determined from447
a comparison with the clean run. The resulting spectra,448
with all the contributions are presented in Fig. 4, where449
the results of the reconstructed spectra after the analyses450
are also shown.451
The first step in the deconvolution process is the452
determination of the branching ratio matrix. As dis-453
cussed in the 91Rb case, the three statistical models (GC,454
BSFG and CT [29–31]) were fitted to the mixture of ex-455
perimental and theoretical data to obtain the relevant456
level density parameters. Those resulting from the GC457
model are summarised in Table I. Also in Table II the458
gamma strength parameters used in the construction of459
the branching ratio matrix for the daughter isotope 86Kr460
are provided.461
The level scheme of the daughter 86Kr is better known462
than in the 91Sr case. Up to the level at an exci-463
tation energy of 3099 keV, only two levels have un-464
certain spin-parity assignments. In addition, a recent465
ENSDF evaluation [38] has included some new levels466
from a 86Kr(n, n
′
)86Kr study from Fotiades et al [39]467
and slightly revised the excitation energies of some levels468
compared with the earlier evaluation [40].469
An important change in the new evaluation of the470
decay of 86Br is the new spin-parity assignment of the471
ground state. Previously the spin-parity assignment of472
this state was Jpi = 2−, based on the systematics from473
82−84Br, but a relatively recent study by Porquet et al.474
[41] suggested a possible 1− asignment arising from the475
lowest energy state in the pip3/2νd5/2 multiplet. This476
new value has been assigned to the ground state in the477
new ENSDF evaluation [38]. In our analyses both op-478
tions were used, the 1− cases providing better fits of the479
total absorption data, in particular to the region of the480
spectra around the peak at 2250 keV state and in the481
region between 3500 and 4000 keV. The 2− analyses also482
provided a larger ground state feeding value (18.8 % for483
the conventional analysis) compared with the high reso-484
lution results (15(8) %) when allowed and first forbidden485
transitions are considered.486
The final accepted analyses were performed using the487
1− assignment for the parent ground state and a cut en-488
ergy in the known level scheme at 3560 keV. Allowed and489
first forbidden transitions were considered. The results490
of those analyses are presented in Figs. 4 and 5. As491
in the 91Rb case in Fig. 4 two analyses are provided.492
Analysis labelled A, represents the analysis performed493
conventionally. Analysis B, is an analysis performed us-494
ing a slightly modified branching ratio matrix, in order to495
reproduce the experimental gamma intensities obtained496
in high-resolution experiments. In this particular de-497
cay the result from the conventional analysis (labelled498
A) gave a larger discrepancy (41 %) in the reproduc-499
tion of the gamma intensity from the first excited state500
when compared with high resolution measurements. Af-501
ter the optimization of the branching ratio matrix, (anal-502
ysis B), the gamma intensity de-exiting the first excited503
state is reproduced within 5 %. In Table VI of the ap-504
pendix both accepted feeding distributions are provided505
for comparison. The results presented in Figs. 4 and 5506
show that the quality of the reproduction of the mea-507
sured decay spectrum is very similar for both analyses,508
being slightly worse for the adjusted one. Compared to509
the 91Rb case, slightly larger differences appear in the510
feeding distributions, as can be seen in Fig. 5, in par-511
ticular analysis B, with the optimized branching ratio512
matrix, provides a larger ground state feeding value. As513
in 91Rb case, the two total absorption results clearly dif-514
fer from the ENSDF data [38] based on high resolution515
measurements, which points to a decay suffering from516
the Pandemonium effect. From our conventional anal-517
ysis (analysis A) a ground state feeding of 15.01 % is518
obtained, the optimized branching ratio matrix analysis519
result is larger, amounting to 20.23 % , but still in agree-520
ment with the ENSDF value within the error interval (15521
(8) %). The ground state value of the optimized branch-522
ing ratio matrix analysis agrees better with the recently523
published preliminary results of Fija lkowska et al. [42]524
that also use the total absorption technique, which show525
a value above 20 %. Our analyses also provide no feed-526
ing to levels at 2250 keV (4+) and at 2350 keV (2+), also527
pointing to possible Pandemonium effect affecting these528
levels, when compared with the high resolution results.529
In Table IV we present a comparison of the deduced530
mean energies from the present work with the values ob-531
tained from high resolution measurements. As in the532
91Rb case, we provide the value obtained from the opti-533
mized branching ratio analysis result. The value obtained534
for the electromagnetic component is 358 keV smaller535
than the preliminary values obtained by Fija lkowska et536
al. [42] (4110 (411) keV) determined with a large un-537
certainty. In this last publication [42] no details of the538
specific assumptions for the analysis of this decay were539
given, so we can not discuss further the possible sources540
of differences with our analysis.541
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FIG. 5. (Color online) Comparison of the accumulated feeding
distributions obtained in this work for the decay of 86Br with
the distributions from earlier high resolution measurements
[38].
DISCUSSION AND CONCLUSIONS542
This work has presented the study of the beta decay543
of 86Br and 91Rb using the total absorption technique.544
Both decays were considered to be important contribu-545
tors to the decay heat in reactors [10–12] and were shown546
to suffer from the Pandemonium effect. The decays were547
studied using isotopically pure beams provided by the548
IGISOL facility using the JYFL Penning trap and a re-549
cently developed total absorption detector. The decay550
of 91Rb is of particular interest, because this decay was551
used as a normalization point in the systematic studies of552
Rudstam et al. [3], where it was assumed that this decay553
does not suffer from the Pandemonium effect. This decay554
was also measured by Greenwood et al., [15] so it is pos-555
sible to compare both TAS results and establish possible556
systematic differences arising from the different analysis557
techniques used. On one hand our present results for558
91Rb agree quite well with the results of Greenwood et559
al.. On the other hand the deduced gamma mean energy560
associated with this decay differs from the high resolution561
value used by Rudstam et al. pointing to the necessity562
of renormalizing the gamma energies of this work.563
It was pointed out by O. Bersillon in one of the ear-564
lier meetings of the WPEC25 [10, 11], that there are565
large discrepancies between the mean energies deduced566
from the TAS results of Greenwood and the Rudstam567
results. In particular, the Rudstam mean gamma ener-568
gies are systematically smaller than the corresponding569
mean energies deduced from the Greenwood TAS data.570
One might think that the source of the discrepancy lies571
in the incorrect normalization value. So, this is an issue572
that can be revisited using the new normalization of the573
Rudstam data set presented in this article. In the com-574
parison presented here we have also included the mean575
energies deduced for some cases of our recent TAS work576
for which the differences with Rudstam data can be calcu-577
lated (86,87,88Br, 91,92,94Rb [13, 14, 43]). The comparison578
is presented in Fig. 6 first using the original Rudstam re-579
sults and then in Fig. 7 using the renormalized results of580
Rudstam with our present value of the mean gamma en-581
ergy of 91Rb decay. The results show that even though582
the relative differences are reduced, there is a remain-583
ing systematic difference between the two data sets. The584
mean value of the differences in the mean gamma energies585
changes from -360 keV to -180 keV after the renormal-586
ization by 1.14. In any case the most striking fact is587
the large spread of the observed differences ranging from588
−0.8 MeV to +0.6 MeV even after the normalization.589
There seems to be no systematic trend. At present the590
origin of such discrepancies is not clear.591
It is also possible to deduce the beta spectrum from592
the TAS data for both measured cases and compare with593
the measurements of Tengblad et al. [3, 4]. This com-594
parison is also relevant because one of the cross-checks595
employed in Rudstam’s publication is the comparison of596
the sum of the mean gamma, beta and deduced antineu-597
trino mean energies with the Q value of the decay. If598
there is a systematic difference in the mean gamma en-599
ergies, we can expect possible systematic differences also600
in the beta decay energies and in the deduced beta spec-601
tra. This is presented in Fig. 8 for 91Rb decay and in602
Fig. 9 for the 86Br decay. The beta spectrum has been603
deduced assuming allowed shape transitions and using604
the subroutines of the program LOGFT of the NNDC605
(Brookhaven) [44]. We see systematic differences in the606
beta spectrum of both decays. These differences can not607
be explained by the assumption of the allowed character608
of the beta transitions used in the deduction of the spec-609
tra from the TAS measurements. Actually if we assume610
first forbidden transitions (using the procedure employed611
in the LOGFT utility of NNDC) for all beta transitions612
the deduced beta spectrum does not differ so much from613
the one obtained assuming allowed transitions and pre-614
sented here [45]. For the present cases and for the re-615
cently studied 87,88Br and 94Rb cases [43] we can see that616
the deduced beta spectrum from TAS measurements is617
systematically softer (shifted to lower energies) than the618
directly measured Tengblad data [4]. This can be an im-619
portant issue to be taken into account for antineutrino620
summation calculations using different data sets.621
The relative impact of the TAS data of both decays on622
the calculations of the decay heat and on the predictions623
of the antineutrino spectrum is compared in Figs. 10, 11624
and Figs. 12, and 13 with respect to high resolution data625
(taken from ENDF/BVII.1, that did not include TAS626
data). They have a small impact on the decay heat cal-627
culations and it is more relevant for 235U than for 239Pu.628
As can be seen in Fig. 10 it amounts to up to 0.5 %629
in 235U and up to 0.2 % in 239Pu for the electromag-630
netic component. The contribution to the light particle631
component is approximately 0.2 % for 235U and 0.1 %632
for 239Pu at its maximum. As in the case of the decay633
heat, the impact on the antineutrino spectrum is more634
relevant for 235U and for all fuels (235U, 238U, 239Pu,635
241Pu) it has the largest contributions at approximately636
4 and 7 MeV antineutrino energies, but in opposite direc-637
8tions. At around 3-4 MeV the contribution to the global638
antineutrino spectrum is reduced in all fuels. At higher639
enegies (above 6 MeV) the contribution is larger and pos-640
itive and it comes only from the decay of 86Br that has641
a larger decay Q value. This latter impact is due to the642
change in the ground state feeding and affects a region643
which has partial overlap with the anomaly seen in the644
antineutrino spectrum centered around 5 MeV [46]. But645
it must be mentioned that the relative impact of this646
decay is modest.647
The relative limited impact of the presented results in648
both decay heat and neutrino physics migth seem con-649
tradictory with the fact mentioned in the introduction650
that these decays are considered of high relevance for re-651
actor applications. One must emphasize, that it is only652
the relative impact of new TAS data in relation with the653
high resolution data which is modest. Both decays are654
important contributors to the decay heat in the cooling655
time range of 100 s, as can be seen in the reactor de-656
cay heat calculations presented by M. Fleming and J. C657
Sublet in [47]. The contributions of the 86Br and 91Rb658
decays can amount up to 3.9 % and 8.9 % respectively659
in the gamma component of the decay heat in 235U and660
up to 1.7 % and 4.2% respectively in 239Pu.661
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FIG. 6. (Color online) Differences between the mean energies
reported in Rudstam et al. [3] work and the deduced mean
gamma energies from the work of Greenwood et al. [15] and
our recent data (in red) [13, 14, 43].
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TABLE II. Gamma strength function parameters used in the analysis for daughter isotopes.
Strength Function Parameters
E1 M1 E2
Isotope Energy Width σ Energy Width σ Energy Width σ
[MeV] [MeV] [mb] [MeV] [MeV] [mb] [MeV] [MeV] [mb]
86Kr
16.29 5.37 178.7
9.30 4.00 19.67 14.29 5.08 1.78
17.17 5.94 161.63
91Sr
16.08 5.24 193.81
9.13 4.00 2.66 14.03 5.02 1.89
16.95 5.79 175.32
TABLE III. Mean average energy for β-particles and γ rays
(all collected photons) from the decay of 91Rb. The ENSDF
adopted values are taken from Rudstam et al. [3] .
E¯γ [keV] E¯β [keV]
Present result 2669(29) 1389(22)
Greenwood et al. 2708(76) 1367(44)
ENSDF 2335(33) 1560(30)
TABLE IV. Mean average energy for β-particles and γ rays
(all collected photons) from the decay of 86Br.
E¯γ [keV] E¯β [keV]
Present result 3782(54) 1687(28)
ENSDF 3296 1944
12
TABLE V. Feeding distibution obtained for the decay of 91Rb
(for details see the text).
E Feeding (a) Feeding (b) E Feeding(a) Feeding (b)
[keV] [%] [%] [keV] [%] [%]
0.0 10.02 9.21 3100 0.08 0.12
94 12.06 12.11 3140 0.07 0.10
439 0.00 0.46 3180 0.07 0.10
994 0.00 0.00 3220 0.11 0.13
1042 0.13 0.38 3260 0.17 0.18
1231 0.42 0.52 3300 0.35 0.38
1368 0.00 0.00 3340 0.59 0.64
1482 0.04 0.00 3380 0.72 0.77
1740 0.13 0.28 3420 0.84 0.92
1917 1.20 1.28 3460 0.85 0.90
1943 1.37 1.52 3500 0.91 0.92
2065 5.44 5.29 3540 1.13 1.09
2078 0.00 0.00 3580 1.67 1.55
2159 0.20 0.49 3620 2.55 2.36
2237 0.19 0.38 3660 3.63 3.41
2658 15.15 15.10 3700 3.99 3.89
2700 0.58 0.74 3740 3.56 3.59
2740 0.15 0.15 3780 2.31 2.36
2780 0.05 0.05 3820 1.31 1.35
2820 0.02 0.03 3860 0.89 0.91
2860 0.02 0.03 3900 0.70 0.69
2900 0.03 0.05 3940 0.76 0.72
2940 0.06 0.09 3980 1.12 1.04
2980 0.09 0.15 4020 1.58 1.45
3020 0.10 0.19 4060 2.75 2.59
3060 0.10 0.17 4100 3.72 3.62
4140 3.69 3.56 5060 0.02 0.02
4180 2.99 2.96 5100 0.01 0.01
4220 2.12 2.06 5140 0.00 0.00
4260 1.34 1.32 5180 0.00 0.00
4300 0.91 0.88 5220 0.00 0.00
4340 0.78 0.74 5260 0.00 0.00
4380 0.72 0.69 5300 0.00 0.00
4420 0.69 0.66 5340 0.00 0.00
4460 0.62 0.60 5380 0.00 0.00
4500 0.50 0.50 5420 0.00 0.00
4540 0.32 0.31 5460 0.00 0.00
4580 0.21 0.20 5500 0.00 0.00
4620 0.15 0.15 5540 0.00 0.00
4660 0.12 0.12 5580 0.00 0.00
4700 0.12 0.11 5620 0.00 0.00
4740 0.12 0.11 5660 0.00 0.00
4780 0.12 0.12 5700 0.00 0.00
4820 0.12 0.12 5740 0.00 0.00
4860 0.11 0.11 5780 0.00 0.00
4900 0.10 0.10 5820 0.00 0.00
4940 0.08 0.07 5860 0.00 0.00
4980 0.05 0.05 5900 0.00 0.00
5020 0.03 0.03
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TABLE VI. Feeding distibution obtained for the decay of
86Br (for details see the text).
E Feeding (a) Feeding (b) E Feeding(a) Feeding (b)
[keV] [%] [%] [keV] [%] [%]
0.0 15.01 20.23 4100 0.04 0.00
1565 3.75 2.84 4140 0.13 0.02
2250 0.00 0.00 4180 0.60 0.19
2350 0.00 0.00 4220 1.95 1.19
2727 2.91 1.77 4260 4.87 4.34
2850 2.34 1.31 4300 9.48 11.34
2917 0.21 0.10 4340 9.02 11.03
2926 1.32 0.58 4380 5.31 5.87
3010 2.95 0.76 4420 1.23 1.05
3099 0.00 0.00 4460 0.28 0.16
3328 3.58 1.52 4500 0.07 0.02
3542 0.18 0.10 4540 0.01 0.00
3580 0.36 0.07 4580 0.00 0.00
3620 0.27 0.05 4620 0.00 0.00
3660 0.30 0.05 4660 0.00 0.00
3700 0.36 0.05 4700 0.00 0.00
3740 0.39 0.04 4740 0.01 0.00
3780 0.36 0.02 4780 0.04 0.00
3820 0.22 0.01 4820 0.09 0.00
3860 0.10 0.00 4860 0.15 0.00
3900 0.06 0.00 4900 0.19 0.01
3940 0.02 0.00 4940 0.16 0.01
3980 0.01 0.00 4980 0.10 0.01
4020 0.01 0.00 5020 0.06 0.01
4060 0.02 0.00 5060 0.04 0.01
5100 0.03 0.01 6140 0.77 0.73
5140 0.05 0.01 6180 1.02 0.96
5180 0.08 0.04 6220 1.05 0.96
5220 0.21 0.12 6260 0.85 0.74
5260 0.63 0.45 6300 0.57 0.48
5300 1.33 1.18 6340 0.35 0.29
5340 2.33 2.41 6380 0.25 0.20
5380 3.40 3.84 6420 0.22 0.18
5420 3.47 4.20 6460 0.23 0.21
5460 2.84 3.34 6500 0.29 0.26
5500 2.06 2.43 6540 0.37 0.34
5540 1.36 1.56 6580 0.42 0.40
5580 0.98 1.09 6620 0.40 0.37
5620 0.78 0.88 6660 0.32 0.28
5660 0.64 0.71 6700 0.21 0.18
5700 0.57 0.62 6740 0.11 0.09
5740 0.48 0.52 6780 0.06 0.05
5780 0.38 0.40 6820 0.03 0.02
5820 0.29 0.31 6860 0.02 0.01
5860 0.21 0.24 6900 0.01 0.01
5900 0.17 0.20 6940 0.01 0.01
5940 0.15 0.18 6980 0.02 0.02
5980 0.16 0.20 7020 0.03 0.03
6020 0.21 0.26 7060 0.05 0.05
6060 0.31 0.38 7100 0.07 0.07
6100 0.51 0.48 7140 0.06 0.06
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TABLE VII. Feeding distibution obtained for the decay of
86Br (for details see the text).
E Feeding (a) Feeding (b) E Feeding(a) Feeding (b)
[keV] [%] [%] [keV] [%] [%]
7180 0.04 0.03 7420 0.00 0.00
7220 0.01 0.01 7460 0.00 0.00
7260 0.00 0.00 7500 0.00 0.00
7300 0.00 0.00 7540 0.00 0.00
7340 0.00 0.00 7580 0.00 0.00
7380 0.00 0.00 7620 0.00 0.00
